The role of the pyruvate dehydrogenase complex (PDC) in the formation of different fermentation products by Enterococcus faecalis was studied. This organism was grown on a semi-defined medium under various conditions in the presence or absence of lipoic acid, an essential cofactor of the enzyme complex. When grown on a medium without added lipoic acid, a very low activity, both in vivo and in vitro, of the PDC was observed. When pyruvate served as the energy source, lipoic acid was found to be essential for growth under anaerobic conditions at low culture pH values. The presence of lipoic acid in the culture medium had a marked effect on the production of acetoin: in the presence of lipoic acid, acetoin was produced only when the intracellular pyruvate concentration was relatively high, whereas in the absence of lipoic acid, acetoin was a common product. Under potassium-limited conditions, lactate was the main product and culture pH significantly affected the bacterial dry weight. After instantaneous addition of lipoic acid to a glucose + pyruvate-limited chemostat culture, an immediate activation of the PDC took place as deduced from the change in fermentation pattern. Reconstitution of the PDC by the addition of lipoic acid was also possible in cell-free extracts, although pre-incubation with ATP and lipoic acid for 90 min was necessary for maximal activation. The effects of an active PDC on product formation and the physiological role of the complex under anaerobic growth conditions are discussed.
Introduction
The pyruvate dehydrogenase complex (PDC) occupies a key position between glycolysis and the citric acid cycle. The properties of the PDC have been extensively investigated in Escherichia coli (for reviews see Reed, 1974; Wieland, 1983; Perham et al., 1987; Yeaman, 1989; Pate1 & Roche, 1990; Perham, 1991) . It is generally assumed that the synthesis and activity of the PDC is dependent upon the presence of oxygen and that it is completely inactive under anaerobic conditions. Surprisingly, in Enterococcus faecalis the PDC was found to be active under anaerobic growth conditions (Snoep et al., 1990) . This could be attributed to the low sensitivity of this PDC for NADH and its high level of expression even under anaerobic conditions (Snoep et al., 1992~) .
Besides the PDC complex, three other enzymes are known to catabolize pyruvate in E. faecalis: pyruvate formate-lyase (PFL), lactate dehydrogenase (LDH) and a-acetolactate synthase (a-ALS). The simultaneous presence of these enzymes raises the question as to how the catabolic flux through these enzymes is regulated. The distribution of the carbon flux over the PDC and PFL was observed to be correlated to the redox potential of the NAD/NADH couple (Snoep et al., 1991) . LDH is known to be stimulated by fructose-1,6-bisphosphate (Wolin, 1964; Wittenberger & Angelo, 1970) , a glycolytic intermediate that is present in high amounts during growth under conditions of glucose excess (Yamada & Carlsson, 1975) . Previous experiments showed that a-ALS has a very low affinity for pyruvate [K, = 50 m M (Snoep et al., 1992b) ], which implies that this enzyme can be active only when the intracellular pyruvate concentration is high. In contrast, the affinity of the 0001-7946 0 1993 SGM other three enzymes for pyruvate is much higher [Km values of 1-5 mM (Takahashi et af., 1982; Wittenberger & Angelo, 1970; Snoep et al., 1992a) l.
An intriguing question is how the catabolic fluxes will be altered by the absence or activation of one of these enzymes. We have used the inability of E. faecalis to synthesize lipoic acid, an essential cofactor of the PDC, to study the effect of PDC on catabolism of the energy source and product formation. In addition we report on the kinetics of the reconstitution in chemostat culture and in cell-free extracts of the apo-PDC (PDC without lipoamide).
Methods
Micro-organism and growth conditions. Enterococcus faecalis NCTC 775 was maintained on beads in a reinforced clostridial medium (Oxoid) with 50 YO (w/v) glycerol at -20 "C. Organisms were cultured in a 700 ml Modular Fermentor Series I11 (L. H. Engineering) as described previously (Snoep et al., 1990) . They were grown on a semidefined medium (SDM), containing simple salts as specified by Evans et al. (1970) , but with nitrilotriacetic acid (0.38 g 1-') rather than citrate as a chelating agent, and with the following additions (1-'): Tween-80 (0.2 g), vitamin assay casaminoacids (
(5 mg), adenine (5 mg), xanthine (5 mg), uracil ( 5 mg), nicotinic acid (1 mg), inosine (1 mg), riboflavin (1 mg), thiamin (1 mg), pantothenate (I mg), pyridoxine (1 mg), pyridoxal (1 mg), orotic acid (1 mg), biotin (0.1 mg), p-aminobenzoic acid (0.1 mg), folic acid (0.1 mg) and cyanocobalamin (0-01 mg). Amino acids were sterilized at 110 "C, whereas the other compounds were dissolved either at high or at low pH (as required) and filter sterilized (Seitz filter plates, type EKS). If D,L-a-lipoic acid was added to the medium, a standard concentrated solution (about 0.5 M) was made in ethanol. Limitation of energy source was achieved by adding, respectively, 50-1 00 mwpyruvate or 25-50 mwglucose to the medium. The same concentrations were used when cells were grown on mixed substrates. The pyruvate solution was adjusted to pH3-5 by the addition of NaOH and subsequently sterilized by filtration (Seitz filter plates, type EKS). Glucose was sterilized at 1 10 "C. Potassium-limited conditions were obtained by adding 1 mM-KC1 (final concentration) to the medium with the glucose concentration raised to 250 mM.
Analyses. Steady state bacterial dry weight was measured by the procedure of Herbert et al. (1971) . Pyruvate, lactate, formate, acetate and acetoin were determined by HPLC as described previously (Snoep et al., 1990) . Carbon dioxide production and oxygen consumption by the cultures were determined by passing the effluent gas from the fermenter through an Infralyt carbon dioxide analyser (Junkalor) and an oxygen analyser (Taylor Servomex Type OA 272). Protein was assayed according to the biuret method (Gornall et al., 1949) .
Pulse experiments. A sterilized solution of pyruvate was injected into the culture vessel of an anaerobic glucose + pyruvate-limited culture by means of a syringe (50 mM final concentration). Simultaneously the medium pump was switched off. Samples were taken at regular time intervals and cells and supernatant were separated by centrifugation in an Eppendorf centrifuge. Growth rates were calculated from the change in bacterial dry weight during the pulse.
Reconstitution experiments. Reconstitution in vitro was performed at room temperature in 50 mM-sodium phosphate buffer, pH 7.0, containing 0.4 mM-thiamin pyrophosphate, 4 mM-MgCl,, 0.1 mM-CoA, 1.2 mM-dithiothreitol, 0.8 mM-NAD, 80 PM-ATP, and 60 ~M -D , L -~-lipoic acid and cell-free extract (approx. 1 rng protein ml-' final concentration). After various time intervals, the overall PDC activity was measured spectrophotometrically, by NADH formation, in the same mix. The reaction was started by the addition of sodium pyruvate (4 mM final concentration).
Reconstitution in vivo was performed by adding lipoic acid (10 VM final concentration) to the culture vessel of the chemostat (see also Pulse experiments above). Enzyme activities in vivo were calculated from the specific product formation rates, i.e. & = qacetate + qethanol -qfomate, as discussed previously (SnOep et a/., 1990) .
E. faecalis was grown on SDM under glucose-, pyruvateand glucose + pyruvate-limited (energy-source-limited), and potassium-limited (glucose excess) conditions. Under all these conditions, steady state fluxes through the four pyruvate catabolizing enzymes were measured with special attention to the flux through the PDC (i&) in the presence or absence of lipoic acid.
The fermentation pattern with glucose as sole energy source was of a mixed acid type, with higher lactate production rates at lower culture pH values ( Table 1) . Addition of lipoic acid to the medium (4-9 VM final concentration) resulted in an increase in &Dc from 0-2 to 1.4 mmol (g dry wt)-' h-' i n cells grown at pH 6-0. Concomitant with the increase in the &DC, a decrease in the specific rate of formate production (qfomate) and an increase in the qacetate and qethano, was observed. In cells grown at pH 7, no large flux through the PDC was observed, whether or not lipoic acid was added to the medium (Table 1) .
The effect of the PDC on product formation is expected to be larger with higher turnover rates of pyruvate. Therefore, E. faecalis was grown under aerobic and anaerobic conditions on SDM with glucose + (Table 2) . Addition of lipoic acid to the medium resulted in an increase of .&Dc from 0.3 to 1.8 mmol (g dry wt)-' h-'. Even more significant was the effect of lipoic acid addition under aerobic conditions. PFL is extremely oxygen sensitive (Takahashi et al., 1982) and in the presence of oxygen the PDC is the only enzyme that catalyses the reaction from pyruvate to acetyl-CoA. Addition of lipoic acid to the medium resulted in an increase in .&Dc from 1-5 to 6.2 mmol (g dry wt)-' h-'. Furthermore, as observed under anaerobic conditions, there was a marked decrease in acetoin production.
Growth of E. faecalis on SDM with pyruvate as energy source and without the addition of lipoic acid was only possible at pH 7-5 and higher (Table 3 ). When lipoic acid was added to the medium, the cells were able to grow at low pH values and .&,Dc [9.4 mmol (g dry wt)-* h-' at pH 6-01 was calculated. Apparently, an active PDC is required for growth on pyruvate at low pH values. This requirement will reside in the inability to produce ATP except via acetate formation, and the low PFL activities in pyruvate cultures at low pH values (Table 3 and Snoep et al., 1990) .
The activities of the pyruvate-catabolizing enzymes were also measured under glucose excess (potassiumlimited) conditions. Under these conditions the fermentation of glucose was almost homolactic with only a minor portion of the pyruvate converted into acetyl-CoA by PFL (Table 4 ). The dry weight increased markedly with the culture pH value; at pH 6.0, 7.0 and 8.0, values of 0.7, 1.2 and 1.8 g 1-' were measured, respectively.
Clearly, the addition of lipoic acid had a large effect on the steady-state product formation of E. faecalis, when grown on SDM. In cell-free extracts of cells grown on SDM without added lipoic acid, no overall PDC activity could be measured, but activity of the dihydrolipoyl transacetylase (enzyme 2) and dihydrolipoyl dehydrogenase (enzyme 3) was observed (data not shown). These results indicate that the components of the PDC were present but could not be active due to the absence of lipoamide. To investigate the kinetics of reconstitution of the PDC and the effect of activation of the PDC on product formation, lipoic acid was added instantaneously ('pulse') to the culture vessel of a glucose+ pyruvate-limited chemostat culture. Prior to the pulse, all acetate was formed via PFL, with a considerable rate of acetoin production [qacetoin = 4.9, qacetate = 4.9, qfomate = 5.0 mmol (g dry wt)-' h-'1, whereas after the pulse, acetate (CO,) and lactate were the sole products formed, and formate and acetoin washed out (Fig. 1) . As in the steady-state cultures, activation of the PDC had a profound effect on pyruvate catabolism [after the pulse the & , c was 8.1 mmol (g dry wt)-' h-'I. Since the effect was observed immediately after the addition of lipoic acid to the culture vessel, no large changes in enzyme concentration are likely to have occurred and the observed changes in the catabolic flux can be ascribed to regulation of enzyme activity rather than regulation of gene expression. Probably activation of the PDC resulted in a lowering of the internal pyruvate concentration to a level that is too low for the a-ALS to be active (as described above).
Reconstitution of apo-PDC was also performed in vitro in cell-free extracts of cells grown on SDM (which lacks lipoic acid). The kinetics of the reconstitution were rather complex. After an initial pre-incubation of the assay mix in the presence of ATP and lipoic acid, the reaction was started by the addition of pyruvate, but there was a lag before the enzyme became active. The duration of this lag phase was dependent on the length of the pre-incubation time, the longer the incubation period the shorter the lag phase: after 20 min incubation, a lag phase of 6 rnin was observed, whereas after 95 min preincubation it was only 2 min. That this lag phase was not observed by other investigators who worked on the reconstitution of apo-PDC might be due to their different assay methods, e.g. using propionyl phosphate formation after 30 min incubation (Reed et al., 1958) or electrophoresis (Brookfield et al., 1991) . Fig. 2 shows that maximum activation of the apo-PDC occurred after about 90min. The origin of the discrepancy between the in vivo (immediate activation) and in vitro (slow activation) reconstitution is not understood.
Discussion
The inability to produce lipoic acid makes E. faecalis most suited to study the requirement for this vitamin and allows an investigation into the effects of activation of the PDC on pyruvate catabolism. Furthermore, the unique characteristic of this complex in being active under anaerobic conditions raises the question as to its physiological relevance.
From the potassium-limited cultures it is clear that under conditions of glucose excess no lipoic acid is needed for catabolic processes; almost all the pyruvate is reduced to lactate. However, when pyruvate had to be converted into products other than lactate to maintain redox neutrality (e.g. when the energy source was more oxidized than glucose), PFL and a-ALS were active. Whenever lipoic acid was added to such a culture, a decrease in the activities of the PFL and a-ALS was observed and the PDC became active. This effect was observed in steady state cultures and was instantaneous after addition of lipoic acid to the growing culture. As shown previously, a-ALS, the first enzyme in the catabolic route to acetoin, has a very low affinity for pyruvate and can only be active when the intracellular pyruvate concentration is high (Snoep et ul., 19926) . Most probably activation of the PDC by addition of lipoic acid to the medium resulted in a decrease in the internal pyruvate concentration to a value too low for a-ALS to be active. This hypothesis is supported by the observation that relief of the glucose + pyruvate limitation by adding pyruvate to the culture vessel (50 mM final concentration), resulted in a complete conversion of pyruvate into acetoin (data not shown).
An increase of the steady-state dry weight in potassium-limited cultures (with ammonium chloride as the nitrogen source) has been observed in Gram-negative as well as in Gram-positive organisms and in the yeast Cundida utilis (Mulder, 1988; Buurman et al., 1989; Buurman, 1991; Hardy, 1992) . The model that was proposed by Buurman et al. (1989) to explain these results should be valid for many microbial species. Indeed, our data show that for the Gram-positive E. faecalis this generalization is legitimate.
The experiments performed with the SDM without added lipoic acid and with pyruvate as energy source show that an active PDC is necessary for growth under these conditions. With energy sources other than pyruvate the physiological advantage of anaerobic activity of the PDC in vivo is less clear: during glucose catabolism the advantage of an anaerobic &Dc cannot be to increase the flux to acetate, as each mole of pyruvate that is catabolized via the PDC will, as a consequence of the generation of additional NADH, lead to the formation of a mole of ethanol. If all glucose was converted via the PDC, the fermentation would be homo-ethanologenic and the efficiency (2 ATP per glucose) would be equal to a homolactic fermentation. Bacterial cells are not usually adapted to grow with maximal efficiency with respect to ATP generation (per substrate consumed, e.g. Van Dam et al., 1988) , but strive for a maximal ATP production rate. However, it is not very likely that with energy sources other than pyruvate this rate can be increased by a PDC that is active under anaerobic conditions, since streptococci probably have an over-capacity for LDH (e.g. Snoep et al., 1992~) . Most probably the PDC provides E. faecalis with a greater catabolic flexibility, enabling this organism to grow on a large number of energy sources under a wide range of conditions. In addition, it may be that PDC activity provides the cell with a means to circumvent excessive acid production (acetate plus formate) by forming acetate, ethanol and CO, at low pH. Regulation of the complex on the level of synthesis as well as on the level of activity ensures that it will not be active under conditions in which a high NADH/NAD ratio exists (i.e. during growth under anaerobic conditions with an energy source with a high degree of reduction). Activity of the PDC under such conditions would be highly unfavourable due to its extra NADH generation (compared dependency of the distribution the PDC and PFL with the NAD/NADH couple supports to PFL). The observed of the carbon flux over redox potential of the this idea.
